To understand differences of smooth and presplit blasting for the excavation of rock wells, two field experiments using these two techniques are implemented at the same test site, respectively. e ground vibrations induced by them have been monitored with the different distances through the corresponding devices. e vibration results illustrate that at the same monitoring distance and direction, peak particle velocities and dominant frequencies of vibration signals based on presplit blasting are both apparently lower than that based on smooth blasting. Meanwhile, with the increase of distance, the principle and mean frequencies based on smooth blasting always decrease, but these two frequencies based on presplit blasting might firstly decrease and then rise. In addition, frequency bands of energy distributions based on smooth blasting are more dispersive than that based on the presplit blasting at the same distance and direction. Lastly, the excavation qualities of rock wells with two techniques are also measured.
Introduction
Drilling and blasting methods have been extensively applied to rock excavation in mining and civil engineering due to its low cost, high efficiency, and easy operation. [1] [2] [3] [4] [5] . However, some inevitable negative effects are often encountered under the blasting loads, such as blast-induced damage and vibration [6] [7] [8] [9] [10] . To minimize and reduce these problems, presplit and smooth blasting as the advanced control techniques have been widely introduced into blasting design [11] [12] [13] . In the blast design of rock wells or tunnels, presplit and smooth blasting both need to drill a circle of small spacing boreholes along the designed contour line [14] , as shown in Figure 1 (a). ese boreholes are usually the same diameter as the main boreholes. All peripheral holes are lightly loaded and decoupled with low-powered explosives.
e primary difference between presplit and smooth blasting is the firing sequence of contour holes relative to the main blasting area [15] . As shown in Figure 1 (b), the peripheral holes based on smooth blasting are detonated after main boreholes. On the contrary, the peripheral holes based on presplit blasting are detonated prior to main boreholes.
Over the past decades, some significant surveys on smooth and presplit blasting have been conducted by many researchers. Zare and Bruland [16] discussed the influence of smooth blasting on two tunnel blast design model. e results indicated the good excavation qualities could be both achieved by the two design models with the smooth blasting. Mandal et al. [17] put forward a mathematical model for smooth blasting pattern and then it was applied to form the high quality pit wall. Chen et al. employed the deep-hole presplit blasting to separate hard roof and coal body. e results illustrated the working resistance of supports was significantly reduced after the presplit blasting. Ma et al [18] explored the vibration absorption effect of presplit blasting in an open cast mine.
e results showed that presplit blasting can reduce the attenuation coefficient of stress wave obviously. Li et al. [19] conducted the numerical investigation for the smooth blasting in rock excavation based on timing sequence and noncoupling charge.
e results
showed that sidewall cracks could be formed with low depth of rock damage by this smooth technique. Liu and Liu [20] proposed a new model to optimize the smooth blasting parameters for mountain tunnel construction based on the genetic algorithm (GA) and improved support vector regression coupling algorithm (ISVR). e results revealed that the proposed model could obtain the feasible and reliable parameters for smooth blasting.
According to the previous investigations, workers come to realize that although the two control techniques could both effectively restrain blast-related problems in most cases, their excavation effects are quite distinct due to different firing sequences. In order to explore differences of presplit and smooth blasting, the comparisons of the two control techniques have been conducted by some scholars from several perspectives. Lu et al. [21] compared the difference of presplit and smooth blasting from the difficulty of crack forming during the excavation of underground tunnel. e results indicated that when the in situ stress was higher than 10-12 MPa, the contour cracks were not well formed by presplit blasting. Hu et al. [22] investigated the blast-induced rock damage process with presplit and smooth blasting techniques during the excavation of high rock slope. e results demonstrated that when smooth blasting was applied, the damage zones were induced by the explosives of all boreholes, but when presplit blasting was used, damage zones were only induced by the explosives of peripheral boreholes. Hu et al. [23] also analyzed the flatness of excavation surface produced by smooth and presplit blasting.
e results showed the flatness based on smooth blasting was better than that based on presplit blasting at the side excavation surface.
rough the above analysis, it can be found that those comparison factors like crack, flatness, and damage are all related to excavation quality, whose influences are limited to the vicinity of the explosive source. Nevertheless, in practice, residents in the neighborhood are more concerned about the adverse impacts of blast-induced vibrations because they can propagate over long distances [24] [25] [26] [27] . Hence, it is vital to investigate the vibration characteristics induced by blasting operations with two control techniques. However, to date, there is still a lack of report that exposes differences of two control techniques from the effects of blasting vibrations.
In this study, to synthetically reveal the differences of presplit and smooth blasting, blast-induced vibrations and excavation qualities of rock wells based on two control techniques are investigated. Firstly, two field experiments for the excavation of rock wells using presplit and smooth techniques are carried out at the same test site, respectively. Subsequently, vibration characteristics induced by two field experiments are analyzed depending on the PPV, frequency, and energy. Lastly, the well-forming results based on two control techniques are compared from well flatness and depth.
Field Experiments for the Excavation of Rock Wells

Experiment
Site. e site of two experiments is located at Zixing city of Hunan Province in China, as shown in Figure 2 . Based on the geological information received from the test site, the main host rock at the test area is hard limestone with good mass quality. Block samples and rock cores both are collected from the experiment area for geomechanical testing in the laboratory. eir physical and mechanical parameters are shown in Table 1 .
Implementation of the Field Experiments.
In the two experiments, the expected diameters of rock wells both are 2.5 m. As shown in Figure 3 , five main boreholes and four empty holes are arranged inside the well boundary. Meanwhile, there are twelve peripheral boreholes assigned uniformly at the contour of rock wells. e boreholes and empty holes are drilled by 100 mm and 250 mm borings, respectively. e spacing between empty and main boreholes is set to 600 mm. e drilled depths of main, empty, and peripheral holes are 7.5 m, 5 m, and 6.5 m, respectively.
After the abovementioned boreholes and empty holes are drilled, the charge and stemming of boreholes need to be conducted. Here the 2# rock emulsion explosive is used for main and peripheral holes. e peripheral holes use decoupling charges, and its decoupling coefficient is 1.5625. e coupling charges are applied to main holes. e charge weights of each peripheral and main boreholes are 4.5 kg and 18 kg, respectively. Consequently, the linear charge densities of main and peripheral holes are 2.40 kg/m and 0.69 kg/m, respectively. e explosive consumption is 4.56 kg/m 3 . To guarantee the reliability of detonation, two millisecond delay detonators with same delay times and one detonating cord as long as hole charge are arranged on each borehole. ese two detonators in each hole are fixed at the top and bottom of charge, respectively.
When presplit blasting is applied to the excavation of rock well, the delay times for peripheral and main boreholes are 0 ms and 110 ms, respectively. When smooth blasting is applied to excavation of rock well, the delay times for peripheral and main boreholes are 110 ms and 0 ms, respectively. To monitor the ground vibrations, three vibration instruments (TC-4580) are also installed with 30 m, 50 m, and 150 m source distances for every field experiment.
Field Experiment Results
Vibration Induced by Excavation of Rock Wells.
After the two experiments are conducted, the vibration signals generated by them have been monitored and are shown in Figure 4 . Although it can be seen that the PPVs in radial and tangential directions both occur within the detonation duration of main boreholes for two techniques, the vibration waveforms of two experiments are obviously different. To explore the difference of vibration characteristics induced by two techniques, the PPV, frequency, and energy of vibration signals are further analyzed in the following sections.
PPV Characteristics.
According to the vibration signals of three monitoring sites, PPVs from main and peripheral boreholes in radial and tangential directions based on smooth and presplit blasting are depicted in Figure 5 . It can be seen that the PPVs from main and peripheral boreholes in two directions all decrease gradually and nonlinearly with the increases of monitoring distances, whether presplit blasting or smooth blasting. Meanwhile, the PPVs from main boreholes based on presplit blasting are smaller than that based on smooth blasting at the same distance and direction.
e reason is that when presplit blasting is applied, the peripheral boreholes are detonated prior to main boreholes, which results in that the stress waves produced by main boreholes reflect and attenuate around well boundary. Moreover, the gaps of PPVs from main boreholes between smooth and presplit blasting enlarge gradually in the radial direction with the increases of distances. However, the gaps of PPVs from main boreholes between smooth and presplit blasting decrease gradually in tangential direction with the increases of distances. For PPVs from peripheral boreholes, although the PPVs in the radial direction based on smooth blasting are larger than that based on presplit blasting at the same distance, PPVs in the tangential direction based on smooth blasting are smaller than that based on presplit blasting.
Frequency Characteristics.
In addition to PPV, the frequency is another evaluation indicator of the vibration signals [28] . Figure 6 presents the frequency spectra of vibration signals induced by the two experiments with different contour techniques. It can be seen that with the increases of monitoring distances, high-frequency components of vibration signals from main and peripheral boreholes all decrease based on two control techniques in the same direction. For instance, when the monitoring distances increase from 30 m to 50 m in the radial direction, the highfrequency components attenuate obviously, and the lowfrequency components slightly decrease. Moreover, at the same monitoring distances, the ranges of frequency bands based on the smooth blasting are wider than those based on the presplit blasting, whether main or peripheral boreholes. For example, when the monitoring distance is 30 m, frequency bands for main boreholes based on smooth blasting are within 150 Hz in the tangential direction (see the right picture of Figure 6 (a)), but frequency bands from main boreholes based on presplit blasting are within 100 Hz in the tangential direction. Meanwhile, the domain frequencies (corresponding to the square root of the second moment of the Fourier spectrum) for main and peripheral boreholes based on smooth blasting are larger than those based on the presplit blasting at the same monitoring distance and direction. For example, when the monitoring distance is 50 m, the dominant frequency from peripheral boreholes in the tangential direction based on presplit blasting is 20 Hz (see the right picture of Figure 6(b) ), but the dominant frequency from peripheral boreholes in the tangential direction based on smooth blasting is 52 Hz. For the presplit blasting, the frequency components of main boreholes are influenced by pregenerated contour cracks under the action of peripheral boreholes, which makes the dominant frequency of main boreholes with presplit blasting smaller than that with smooth blasting at the same distance and direction. For the smooth blasting, the frequency components of peripheral boreholes are in uenced by the inner free face generated by main boreholes, which makes the dominant frequency of peripheral boreholes with smooth blasting larger than that with presplit blasting at the same distance and direction. Besides the dominant frequency, principal frequency (PF) and the mean frequency (MF) are another two analysis indicators of frequency characteristics. PF is generally determined by half of the maximum spectral peak in the Fourier spectrum (see Figure 7) , and it is de ned by Wu et al. [29] as follows:
where F 1 and F 2 are determined by drawing a horizontal line at half of the maximum peak in the Fourier spectrum. Meanwhile, the MF can be obtained from Yang et al. [30] :
where F i is the amplitude corresponding to the frequency f i in the Fourier spectrum. By equations (1) and (2), PF and MF of vibration signals induced by the two eld experiments are obtained. eir results have been manifested in Figures 8 and 9 , respectively. From Figure 8 , it can be seen that PF based on the smooth blasting is always larger than that based on presplit blasting at the same distance and direction, whether main or peripheral boreholes. In addition, PF from both main and peripheral boreholes based on smooth blasting decreases gradually with the increases of distances, but PF from main boreholes based on presplit blasting rstly decreases and then rises with the increases of distances. Meanwhile, in the tangential direction, PF from peripheral boreholes based on presplit blasting also rstly decreases and then rises with the increases of distances. is phenomenon is mainly due to that various frequency components of vibration signals attenuate with di erent decay rates. Within a certain distance, the higher frequency components attenuate more quickly than lower frequency components, resulting in the reduction of PF. However, when the certain distance is exceeded, the lower frequency components also decay rapidly, which makes PF rise again. From Figure 9 , it can be found that the MF based on smooth blasting both cut down with the increases of distances in the radial and tangential directions. However, for presplit blasting, MF from main boreholes in the radial direction and MF from peripheral boreholes in the tangential direction rstly decrease and then go up with the increases of distances. is phenomenon is similar to the above PF situation.
Energy Characteristics.
Although the PPV and frequency can expose the transient characteristics of vibration signals, the energy e ects of vibration signals are still neglected. In order to comprehensively assess the blastinduced vibrations, the wavelet packet method [31] is applied to obtain energy characteristics of vibration signals. By the wavelet packet method, the signal series h(t) can be decomposed into 2 i subbands in the i th decomposition level. e original signal series h(t) can be expressed as follows:
where f i,j (t j ) is the reconstructed signal of the j th frequency band in i th level. If the upper frequency limit of 
Shock and Vibration 5 signal series h(t) is w m , bandwidth of f i,j (t j ) is w m /2
i . e energy coe cient E i,j (t j ) of every reconstructed signal can be calculated by
e ratio ED of energy distribution at the j th frequency band can be expressed by ED E i,j t j
According to equation (5), the percentages of energy distributions at di erent frequency bands can be obtained.
e results of energy distributions for main and peripheral Shock and Vibration boreholes are shown in Figures 10 and 11 , respectively. It can be seen that at the same monitoring distances and directions, frequency bands of energy distribution based on smooth blasting are more dispersed than that based on presplit blasting, whether main and peripheral boreholes. For instance, for main boreholes (see Figure 10 ), when the monitoring distance is 30 m in the radial direction, most of the signal energies based on presplit blasting are distributed Meanwhile, it can be found that the frequency bands of energy distribution based on presplit blasting are lower than that based on smooth blasting, whether main or peripheral boreholes. For example, for peripheral boreholes (see Figure 11) , at the 50 m monitoring distance and radial direction, the signal energies based on the presplit blasting are mainly distributed in 15.625-31.25 Hz, but most of the signal energies based on the smooth blasting are distributed in 31.25-62.5 Hz. Besides, when the monitoring distances increase from 30 m to 50 m, the ratios of signal energies in lowfrequency bands for main boreholes based on the presplit blasting both increase in the radial and tangential directions. e results indicate that the high-frequency components decrease with the increases of monitoring distances. However, when the monitoring distance increases to 150 m, the energy ratios of high frequency bands both increase again in the radial and tangential directions.
e results demonstrate that the low-frequency components of the vibration signals are also decreased with the increases of monitoring distances.
Excavation Results of Rock Wells.
Except for the blastinduced vibration characteristics, excavation qualities of rock wells also need to be detected to reveal the di erences of presplit and smooth blasting. After the broken rocks are cleared up, the excavation results of two rock wells are obtained and depicted in Figure 12 . From the left pictures of Figures 12(a) and 12(b) (obtained by the image processing of well photos), it can be found that some rock bulks are hung on the well wall generated with presplit blasting, but there are no obvious rock bulks on the well wall generated by smooth blasting. From the right pictures of Figures 10(a) and 10(b) , it can be seen that the large overbreak volume occurs at the left side of well wall when presplit blasting is applied. However, the actual contour based on smooth blasting is close to the designed contour line.
ere are two main reasons for the di erence of contour qualities generated by two control techniques. On the one hand, there could be the weak connection between the rock mass in the left of well contour for the rst experiment using presplit blasting. On the other hand, the presplit boreholes are red prior to the main boreholes, which causes the explosive in the presplit boreholes to sustain the large resistance force of the inner rock masses, 8 Shock and Vibration making the more explosion pressure squeezed to the outside of the designed contour. e large explosion pressure cracks the weak connection between the left rock masses of the well contour, forming the overbreak area. However, when charges in the smooth holes are red, the internal rock has been broken, reducing the resistance force of the inner rock masses, making more explosion pressure squeeze to the center of the rock well. e outside of the well contour su ers less explosion pressure. Hence, the wall well based on smooth blasting is neater than that based on presplit blasting.
To further explore di erences of excavation results based on two techniques, the visible depths of ve main boreholes and twelve peripheral boreholes are measured.
eir results are shown in Figure 13 . For the rst experiment with the presplit technique, the depths of ve main boreholes are 5. presplit blasting is larger than that with smooth blasting. Meanwhile, the atness of well bottom with smooth blasting is better than that with presplit blasting. e di erence of depth and atness between two rock wells could be related to the inconsistent geological conditions and the di erent excavation sequences of two contour techniques. Due to the large excavation range, it is di cult to ensure that the properties of rock masses are consistent in the two experiments, which may in uence the consistency of excavation depth and atness for two wells. In addition, the contour cracks based on the presplit blasting are formed before the main blasting area, but the contour cracks based on smooth blasting are formed after the main blasting area. is situation makes the clamping force of main boreholes based on the presplit blasting decrease. So, the depth of main blasting area with the presplit blasting is larger than that with the smooth blasting. At the same time, in the process of contour crack formation, the peripheral boreholes based on the presplit blasting su er the larger resistance force of the inner rock masses than that based on smooth boreholes. So, the atness of rock well based on smooth blasting is better than that based on the presplit blasting. 
Conclusion
In this study, the two eld experiments for the excavation of rock wells are implemented to reveal the di erences of smooth and presplit control techniques. Rock vibration characteristics induced by the two experiments are analyzed by the PPV, frequency, and energy. In addition, e excavation results based on two contour techniques are compared from excavation depth and well quality. By this work, the main conclusions can be drawn as follows:
(1) From the analysis results of PPV and frequency, at the same monitoring sites and directions, the PPVs from main boreholes based on smooth blasting are larger than that based on presplit blasting. e ranges of frequency bands based on the smooth blasting are wider than those based on the presplit blasting. e dominant frequencies of vibration signals based on presplit blasting are always smaller than those based on smooth blasting. Moreover, the principle and mean frequencies based on the smooth technique decrease with the increases of distances. However, the principle and mean frequencies based on the presplit technique might firstly decrease and then rise. (2) rough using the wavelet packet method, distribution bands of signal energies based on smooth blasting are more dispersive than those based on presplit blasting. Meanwhile, the frequency bands of energy distributions based on presplit blasting are lower than that based on smooth blasting. In addition, when the monitoring distances increase to 150 m, the energy ratios of low frequency components for main boreholes based on the presplit blasting decrease obviously. However, those based on the smooth blasting are still large. (3) Although the geological conditions and rock properties are different for the two experiments, the excavation results still show to some extent that the smooth blasting can obtain the better contour quality and the flatness than the presplit blasting. At the same time, the presplit blasting can obtain the larger well depth than the smooth blasting by the same excavation parameters. Hence, the contour blasting techniques need to be selected flexibly by engineering requirements.
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